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Abstract

The decomposition of H2 0 and D2 0 on silicon surfaces was studied using

transmission Fourier-Transform Infrared (FTIR) spectroscopy. These FHTR studies

were performed in-situ in an ultra-high vacuum chamber using high surface area

porous silicon samples. The FTIR spectra revealed that H2 0 (D2 0) initially

dissociates upon adsorption at 300 K to form SiH (SiD) and SiOH (SiOD) surface

species, i.e. H20 --+ SiH + SiOH. The decomposition of these surface species was

then monitored using the Si-H (Si-D) stretch at 2100 cm"1 (1518 cm' 1 ), SiO-H

(SiO-D) stretch at 3680 cm" 1 (2713 cm"1) and the Si-O-Si stretch at 900 - 1100

cm"1. As the silicon surface was annealed to 650 K, the FTIR spectra revealed that

the SiOH surface species progressively decomposed to Si-O-Si species and

additional Sill species, i.e. SiOH -* SiH + SiOSi. Above 650 K, the Sill surface

species decreased concurrently with the desorption of H2 from the porous silicon

surface. New blue-shifted infrared features in the Si-H stretching region were

observed at 2119 cm" 1, 2176 cm"1 and 2268 cmr" after annealing above 600 K.

Additional infrared studies of partially hydrogen-covered porous silicon surfaces

exposed to 02 suggested that these blue-shifted Si-H stretching vibrations were

associated with silicon surface atoms backbonded to one, two or three oxygen

atoms, respectively.
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I. Introduction

The decomposition of H2 0 on silicon is a prototypical silicon surface reaction. The details

of H2 0 adsorption are important for an understanding of chernisorption on silicon surfaces. The

mechanism of H2 0 decomposition may also affect the quality of insulating silicon oxide layers

produced by wet oxidation during semiconductor device processing.

Previous work on H20 chemisorption on silicon surfaces has focused on whether the

adsorption is dissociative or nondissociative. Previous ultraviolet photoemission spectroscopy

(UPS) results suggested that the chemisorption of H 20 occurred non-dissociatively on Si( 111) 7x7

(1). These studies were in agreement with older high-resolution electron energy loss spectroscopy

(HREELS) studies of H2 0 on Si( 111) 7x7 (2,3).

In contrast, more recent HREELS studies have observed silicon-hydrogen and silicon-

hydroxyl species after H 2 0 adsorption on Si(1 11) 7x7 at room temperature (4,5). Recent UPS (6)

experiments and ellipsometric (7) studies have suggested that water chemisorbs dissociatively on

Si(1 11) 7x7 at room temperature. Additional HREELS and infrared results for water adsorption on

Si( 11) 2 X 1 (8,9) and Si(100) 2 X 1 (6,9-11) have also provided evidence for dissociative H2 0

chemisorption.

Fourier transform infrared (FTIR) spectroscopy is sensitive to surface molecular structure

and can resolve closely-spaced vibrational features. Moreover, transmission FTIR studies can

probe the infrared region below 1200 cm"1 that is obscured in multiple total-internal-reflection

infrared experiments because of silicon lattice absorption (11-13). Numerous low frequency

vibrational modes in this infrared region yield valuable structural information.

Because of sensitivity requirements, transmission FTIR spectroscopic studies are limited to

high surface area materials. Given typical infrared cross sections of a= 1 X 10-18 cm 2 (14), single

crystal silicon samples with 1 X 1015 surface-atoms/cm 2 do not have a sufficient surface area for

facile transmission infrared studies. However, porous silicon can be utilized to obtain high-surface
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area, crystalline silicon samples.

Porous silicon was first obtained by Uhlir (15) and Turner (16) by anodizing single-crystal

silicon in dilute hydrofluoric acid. Transmission electron microscopy (TEM) micrographs have

shown that porous silicon made from p-doped silicon contains a network of nearly parallel pores

(17). These pores are approximately 20- 100 A in diameter with a center-to-center separation of

approximately the same magnitude (17). Likewise, Brunauer-Emmett-Teller (BET) model

methods have measured extremely high surface areas of approximately 200 m2/cm 3 for porous

silicon (18).

Other material properties of porous silicon have recently been characterized extensively

(19-22). Under ordinary preparation conditions, porous silicon retains the crystallinity of the

original silicon wafer (23-25). The crystallinity of porous silicon allows epitaxial layers of silicon

to be grown on porous silicon using molecular beam epitaxy (MBE) techniques (26).

Porous silicon also exhibits sharp and pronounced infrared absorption features that can be

assigned unambiguously to silicon monohydride and dihydride surface species (27). The

desorption kinetics of H2 from monohydride (SilH) and dihydride (Sill2 ) species on porous silicon

have recently been measured (27). These H2 desorption kinetic studies were in excellent

agreement with the desorption kinetics of H2 from Si(1 11) 7x7 single crystal surfaces (28, 29).

In this study, transmission FTIR techniques were used to investigate the species formed

after exposing porous silicon surfaces to a saturation H2 0 or D2 0 exposure. The thermal stability

of the surface reaction species was measured by monitoring the Si-H (Si-D) stretch at 2100 cm"1

(1518 cm-1 ), SiO-H (SiO-D) stretch at 3680 cm"1 (2713 cm"1) and the Si-O-Si stretch at 900 -

1100 cm"1 as a function of surface temperature. These FTIR studies established that H2 0

adsorption on silicon surfaces at 300 K is dissociative. The SiOH surface reaction intermediate

was observed to decompose to SiOSi and Sil- surface species between 400 - 600 K. In addition,

new blue-shifted infrared features in the Si-H stretching region were monitored after SiOH

decomposition and assigned to Sill species backbonded to oxygen atoms.
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H1. Experimental
A. Preparation of Porous Silicon

The electrochemical techniques used to prepare porous silicon have been described

previously (27). These studies employed single-crystal Si(100) wafers with a thickness of 400 gm.

These silicon samples were p-type boron-doped with a resistivity of p= 0.19 Q cm. The

electrolyte consisted of a 38% Hydrofluoric acid-ethanol mixture. The anodization reaction was

performed for 15 s with a constant current of 200 mA/cm2 . This current flux and time

corresponded to a total charge of 1.12 C/cm 2 .

In agreement with previous studies (24,27), the porous silicon samples produced using the

above conditions were bluish-grey in color. The thickness of the porous silicon layer was

approximately 2 gm. Given a surface area of 200 m2 /cm 3 , the 2 gim thick porous silicon layer

provided a surface area enhancement of 400.

B. UHV Chamber for Transmission FTIR Studies

Prior to mounting the porous silicon sample in the UJHV chamber, the sample was rinsed

successively in ethanol, acetone, trichloroethylene and hydrofluoric acid. The hydrofluoric acid

was used to remove to any native oxide that may have formed on the porous silicon surfaces after

anodization. The samples were then mounted at the bottom of a liquid-nitrogen-cooled cryostat on

a differentially-pumped rotary feedthrough (30). The crystal mounting design and techniques for

sample heating have been described previously (27).

The UHV chamber for in-situ transmission FTIR studies was similar to the UHV chamber

employed earlier (27). The UHV chamber was pumped by a 190 1/sec Balzers turbomolecular

pump that was backed by another 50 1/sec turbomolecular pump. This tandem turbomolecular

pump enabled pressures of 2.0 X 10-8 Torr to be obtained within 2 hr. after breaking vacuum. An

isolation valve between the sample introduction chamber and the rest of the chamber facilitated

this rapid recovery time when changing samples.
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A Nicolet 740 FTIR spectrometer and an MCT-B infrared detector were employed in these

studies. The infrared beam passed through a pair of 0.5 inch thick Csl windows on the vacuum

chamber. Lower infrared frequencies were transmitted and higher optical throughput was obtained

with Csl windows compared with the earlier ZnSe windows (27). The O-ring seals on the CsI salt

windows limited the typical operating pressures to 1 X 10-8 Torr.

C. Adsorption and Thermal Annealing Experiments

The surface species produced during H2 0 (D2 0) adsorption were studied as a function of

water exposure and silicon surface temperature. In these experiments, the silicon substrate was

held at a constant temperature. FTIR spectra were recorded versus water exposure until a

saturation coverage was obtained. Adsorption as a function of exposure time was measured at

isothermal temperatures between 300 K-800 K. The FTIR spectra were monitored at the

adsorption temperature for temperatures between 300 - 500 K. Because of increased infrared

absorption by free carriers at higher temperatures (31-33), FTIR spectra were recorded at 500 K

for the isothermal adsorption experiments at temperatures above 500 K.

For the thermal annealing studies, porous silicon samples at 300 K were exposed to H2 0

(D20) until a saturation coverage was obtained. H2 0 (D2 0) exposures at 1 X 10-5 Torr for 20

minutes were employed to achieve a saturation coverage. The silicon surface temperature was then

increased to the annealing temperature using a heating rate of 7 K/sec. The sample was held at the

annealing temperature for approximately I min. Subsequently, the sample was returned to the

initial temperature of 300 K before recording the FTIR spectra. This experimental sequence was

performed repeatedly for annealing temperatures up to 800 K.

A new porous silicon sample prepared under identical conditions was used for each set of

annealing experiments. The total concentrations of monohydride and dihydride species present

initially on the porous silicon surface were the same within ± 5% for each sample. To obtain a

clean surface before a water exposure, the porous silicon sample was annealed in vacuum to

remove the surface hydrogen. The procedure consisted of annealing the porous silicon at 640 K for
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4 minutes, followed by annealing at 800 K for an additional 4 minutes. Previous hydrogen

desorption studies have shown that this annealing procedure is sufficient to remove hydrogen from

both surface monohydride and dihydride species (27).

III. Results

The infrared spectra of porous silicon after saturation H2 0 and D2 0 exposures at 300K

are shown in Figs. 1 and 2, respectively. After a H2 0 saturation exposure, the infrared spectrum

displayed in Fig. 1 exhibited pronounced absorption features at 3680 cm- 1, 2090 cm" 1, 775 cm"1

and 620 cm"1 . After a D2 0 saturation exposure, Fig. 2 reveals that infrared absorption features

were observed at 2707 cm- 1, 1513 cm-1, 835 cm- 1 and 620 cm-l. In addition, absorptions were

also observed at 2090 cm-1 and 620 cm"1 because of some hydrogen isotopic exchange of D2 0.

After a saturation water exposure, changes in the infrared absorption spectrum of porous

silicon versus annealing temperature are shown in Figs. 3 and 4. Fig. 3a shows the decrease in the

infrared absorption of the SiO-H stretch at 3680 cm-1 versus annealing from 300K to 640K after a

saturation H2 0 exposure at 300 K. Fig. 3b shows the concurrent increase in the absorption of the

Si-H stretch at 2100 cm-1 over the same temperature range.

Figure 4 shows the corresponding growth of the infrared absorption at approximately 980

cm"1 assigned to the Si-O-Si asymmetric stretch (34-36). Figure 4 also displays the concurrent

decrease of the infrared absorption at 835 cmn1 identified with the Si-OD stretching vibration.

Because of an Si-H bending absorption feature that overlaps the Si-OH stretching vibration at 775

cm"1, the spectra in Fig. 4 were obtained after a saturation exposure of D2 0.

The integrated infrared absorbances versus annealing temperature after saturation H 2 0 and

D2 0 exposures at 300 K are displayed in Fig. 5 and Fig. 6, respectively. An increase by a factor

of approximately 2 in the integrated absorbance for the Si-H and Si-D stretching vibrations is

observed as the temperature is increased from 300 - 650 K. At temperatures higher than 650 K,

the integrated absorbance decreases for both Si-H and Si-D stretching vibrations. This decrease is
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consistent with the desorption of H2 or D2 from the silicon surface (27-29).

Figures 5 and 6 also reveal that the SiO-H and SiO-D stretching vibrations corresponding

to SiOH and SiOD surface species have been removed from the surface after annealing above 650

K. The decrease in the integrated absorbance of the SiO-H and SiO-D stretching vibrations is

correlated with the increase in the integrated absorbance of the Si-H and Si-D stretching

vibrations. An increase in the integrated absorbance of the Si-O-Si stretch at 900 cm - I 100

cm"I is also concurrent with the increase of the Sill surface species.

The integrated absorbances of the Si-H stretching vibration versus H 2 0 exposure at 300 K

and 600 K are displayed in Fig. 7. H2 0 dissociative chemisorption as measured by the Sill surface

species is characterized by a rapid initial H2 0 adsorption rate. This rapid adsorption rate is then

followed by progressively decreasing adsorption rates that ultimately lead to a saturation coverage

after large H2 0 exposures. Figure 7 reveals that the saturation hydrogen coverage is very

dependent on surface temperature. The saturation hydrogen coverage at 600 K was approximately

twice the saturation hydrogen coverage obtained at 300 K.

Fig. 8 shows the growth of the silicon oxide coverage versus H2 0 exposure at 600 K and

800 K The silicon oxide coverage was obtained by integrating the Si-O-Si asymmetric stretch at

900 cm"1 - 1100 cm-1. Fig. 8 reveals that saturation oxide coverage obtained at 800 K is

approximately five times the saturation oxide coverage obtained at 600K.

As the porous silicon was annealed, new blue-shifted infrared features were observed in

the Si-H stretching region. Fig. 9a is an infrared spectra of porous silicon in the Si-H stretching

region after a saturation H2 0 exposure at 300 K. The Si-H stretching vibration is observed at

2087 cm"1. Fig 9b shows the infrared spectra of the same porous silicon sample after annealing to

640 K. The Si-H vibrational stretch has shifted to 2102 cm"1. Additional blue-shifted absorption

features are also observed at 2119 cm"1 , 2176 cm"1 and 2268 cm"1 .

Fig. 10 displays infrared spectra obtained after a partially hydrogen-covered nmrous silicon

surface was exposed to 1 X 10-5 Torr of 02 for 7 min. at 600 K. The initial hydrogen coverage on

the porous silicon was 0.27Es, where Es is the saturation coverage of hydrogen on porous silicon.
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The infrared spectra exhibited new blue-shifted absorption peaks in the Si-H stretching region at

2176 cmn1 and 2269 cm-1 as shown in Fig. 1Oa and in the Si-H bending region at 777, 820 cm"1,

857 cm"1 as displayed in Fig. lOb.

IV. Discussion

A. Infrared Spectrum after Water Exposure

Reflectance infrared studies of hydrogen on Si(100) have assigned infrared features

between 2100 - 2080 cm" 1 to Si-H vibrational stretching modes (37,38). After anodization, porous

silicon exhibits two absorption peaks between 2087 - 2110 cm"1. Thermal annealing studies (27)

have assigned these two absorption features to silicon dihydride and silicon monohydride

stretching vibrations. The presence of silicon dihydride species on the anodized porous silicon

surface is also confirmed by the SiH2 scissor mode at 910 cm" 1 (27). As the dihydride is removed

from the surface, the monohydride peak at 2110 cm"1 shifts to 2102 cm- 1 (27).

Figure 1 does not show any infrared absorption from a possible Sil 2 scissors mode at 910

cm- 1. This absence suggests that the 2090 cm"1 feature after a H2 0 saturation exposure is

produced by a silicon-monohydride species on the surface. The corresponding deformation mode

of the SiH species is observed at 625 cm- 1 in agreement with previous infrared studies on porous

silicon (27) and HREELS investigations on Si(100) 2 X 1 (39). The infrared feature at 1513 cm" 1

in Fig. 2 is assigned to a Si-D stretching vibration. The Si-D deformation mode would be at 480

cmr I which is below the low frequency cutoff of the MCT-B infrared detector.

HREELS studies of water adsorption on Si(l 11) 2 X 1 (40), Si(1 11) 7 X 7 (4, 5), Si(100) 2

X 1 (5) and multiple total-internal-reflectance infrared studies of H2 0 on Si(100) 2 X 1 have

observed vibrational features between 3650 cm- 1- 3735 cm-1 attributed to the SiO-H vibrational

stretching mode. Infrared studies of SiOH species on silica surfaces have observed SiO-H

vibrational features between 3540 - 3750 cmr1. The frequency of SiO-H stretching vibration

depends on the degree of hydrogen bonding between the OH groups. The higher the degree of
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hydrogen bonding, the lower the absorption frequency.

Infrared features at 3745 - 3750 cm" on silica have been assigned to isolated single SiOH

species (41). Infrared features at 3650 - 3660 cm"1 on silica have been identified as adjacent pairs

of SiGH groups that are hydrogen-bonded to each other (41). The infrared feature at 3680 cm" 1 in

Fig. 1 approximates the frequency expected from isolated pairs of SiOH species. Similarly, the

absorption feature at 2707 cm- 1 in Fig. 2 is consistent with the isotope shift anticipated from the

SiO-D stretching vibration.

Electron energy loss features at 775 cm-1 - 820 cm- 1 after H2 0 exposure have been

previously assigned to a combination of the Si-OH stretch and the SiO-H bend by several

HREELS studies (4,5). Our thermal annealing studies will show that infrared features at this

wavelength are also produced by Si-H bending modes where the silicon is backbonded to oxygen

atoms. In contrast, the thermal annealing studies after D2 0 adsorption show a close

correspondence between the SiO-D stretch at 1513 cm"1 and the infrared absorption feature at 835

cm"1. This correlation suggests that the absorption feature at 835 cm-1 after D2 0 adsorption is

produced solely by a S--OD stretching vibration and is not affected by Si-D bending modes.

After a H2 0 exposure at 300 K, the infrared spectrum shows clear evidence of silicon

hydride and silicon hydroxyl dissociation products. No evidence of molecular H2 0, such as the

H 20 bending mode at 1594 cm"1 , was observed in the infrared spectrum. Despite early evidence

for molecular adsorption (1-3), similar dissociation products have been monitored in HREELS

studies of H2 0 on Si (111) 7 X 7 (4,5) and Si(100) 2 X 1 (5) and multiple total-internal-

reflectance infrared studies of H20 on Si(100) 2 X 1 (11). These recent vibrational studies all

argue against molecular adsorption.

The infrared spectrum of porous silicon after H2 0 adsorption at 300 K is almost identical

to the HREELS spectra obtained after H20 adsorption on Si(100) 2 X 1 (5) and Si(1 11) 7 X 7 (4,

5). The close correspondence in vibrational spectral features and frequencies demonstrates that

porous silicon surfaces are very similar to single-crystal silicon surfaces. This similarity suggests
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that high-surface area porous silicon surfaces can be employed to study silicon surface chemistry.

B. Adsorption and Thermal Annealing Studies

The thermal annealing studies in Figs. 3-6 show that the SiOH and SiOD surface species

have decomposed after annealing above 600 K. The infrared spectra in Figs. 3 and 4 and the

integrated absorbance measurements in Figs. 5 and 6 reveal that the decrease in the SiOH species

is accompanied by the concurrent growth of SiH and SiOSi species. This growth is clearly

observed by the increased absorption in both the Si-H stretching region and in the Si-O-Si

asymmetric stretch region between 900- 1100 cm- 1.

The decrease in the SiOH species between 400-600 K is also in good agreement with a

recent laser-induced thermal desorption (LITD) study of H2 0 decomposition on Si(l 11) 7x7 (42).

In this study, SiOH LITD products were observed after saturation H2 0 exposures (42).

Temperature-programmed LITD studies revealed that the SiOH LITD signals persisted until

temperatures of 600 K. The correlation between these FTIR results and the earlier LITD studies

will be discussed in detail elsewhere (43).

Figure 3 reveals that the SiH species increase as the SiOH species decrease. The thermal

annealing results in Figs. 5 and 6 show that the maximum integrated absorbance for the Si-H (Si-

D) stretching vibration is reached at 650 K. At this temperature, the integrated absorbance of the

Si-H (Si-D) stretching vibration is approximately twice the initial Si-H (Si-D) integrated

absorbance at 300 K. Assuming complete dissociation, a saturation H2 0 exposure would be

expected to produce equivalent amounts of surface SiOH and Si- species, i.e. H2 0 -+ Sil +

SiOH. Consequently, the twofold increase in the integrated absorbance of Si-H (Si-D) stretching

vibration is consistent with a complete conversion of surface hydroxyl species, i.e. SiOH -+ Sil +

SiOSi, and an overall reaction of Sil + SiOH -ý 2SiH + SiOSi.

Above 650K, the absorbance of the Si-H (Si-D) stretching vibration decreases. This

decrease is consistent with H2 (D2 ) desorption from silicon surfaces (27-29). Moreover, at

annealing temperatures between 300 K - 640 K, no increase in the background pressure of H2 was
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observed by the mass spectrometer. This behavior indicates that hydrogen atoms must be

transferred to the silicon surface during SiOH decomposition.

The increase in the integrated absorbance of the Si-H stretching vibration as the surface is

annealed from 300 K to 640 K is also consistent with the Sill uptake kinetics shown in Fig. 7. The

saturation number of Sill species obtained at 600 K is approximately twice the amount obtained at

300 K. This difference is produced by the different thermal stabilities of the SiOH species at these

two temperatures. At 600 K, the SiOH species decomposes to yield SiOSi and Sill species. At 300

K, the SiOH species is stable and the hydrogen remains in the SiOH species.

The two-fold increase in the integrated absorbance of the Si-H stretching vibration argues

that the surface reaction is Sill + SiOH -ý 2SiH + SiOSi. The factor of two increase suggests that

the infrared cross section for the Si-H stretching vibration remains constant versus surface

hydrogen coverage. This constant cross section is in agreement with previous infrared studies that

demonstrated that the disappearance of the integrated absorbance of the Si-H stretching vibration

correlated well with the H2 desorption yield (27).

Fig. 8 reveals that five times more oxide is formed after H2 0 exposure at 800 K compz"ed

with a similar H2 0 exposure at 600 K. The increased growth of the absorbance of the Si-O-Si

stretching vibration at 800 K can be explained by hydrogen site-blocking. The surface oxide

coverage is limited by surface hydrogen at 600 K because the hydrogen ties up available surface

dangling bonds. At 800 K, H2 desorbs and dangling-bond surface sites are available for more

H20 adsorption and additional SiOSi species. Previous 02 oxidation studies on Si(i 11) 7x7 have

also observed that both the saturation oxide coverage and initial oxidation rate decrease as a

function of preadsorbed hydrogen coverage (44).

C. Effects of Surface Oxide on the Hydrogen Vibrational Spectra

Previous HREELS studies of H20 on Si(l 11) 7x7 (4) have observed an energy loss feature at

775 cm-1 that is in excellent agreement with the infrared absorption at 775 cm-1 on porous silicon

after H2 0 adsorption. The energy loss peak at 775 cm-l was attributed to both a Si-OH stretch and
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SiO-H bend that absorb at approximately at the same frequency (4). For D2 0 adsorption on

porous silicon, infrared absorption features for the Si-OD stretch and the SiO-D bend are observed

at 835 cm"1 and 617 cm-1. These two infrared features are in agreement with the energy loss

peaks at 835 cm-1 and 610 cm-1 monitored in the previous HREELS study of D20 decomposition

Si(11) 7x7 (4).

The thermal behavior of the 775 cm- I infrared absorption peak observed after H2 0

adsorption is shown in Fig. 5. The temperature-dependent changes indicate that this absorption is

not dependent solely on the overlapping features from the Si-OH stretch and the SiO-H bend. If

the 775 cm"1 absorption peak is only attributed to a combination of the Si-OH stretch and SiO-H

bend, then this feature should correlate well with the SiO-H stretching mode at 3680 cm"1. Fig. 5

clearly shows that the absorbance at 775 cm"1 does not decrease over the same temperature range

as the absorbance corresponding to the SiO-H stretching mode at 3680 cm- 1. The 775 cm"1

absorption feature persists until H2 thermally desorbs at 800 K. This persistence suggests that the

775 cm"1 absorption feature is also associated with a Si-H vibrational or bending mode.

Fig. 10a shows the Si-H stretching region of the infrared spectrum after 02 exposure on a

partially hydrogen-covered porous silicon surface. The oxidation was carried out using an 02

pressure of 1 X 10-5 Torr for 7 min. with the porous silicon sample at 600 K. No infrared features

were observed between 3600 - 3700 cm"1. This absence indicates that there are no hydroxyl

species produced by 02 oxidation of the partially hydrogen-covered porous silicon surface.

Infrared features at 2100 cm-1 - 2300 cm" 1 in the Si-H stretching region and at 900 cm1 -

1100 cm" 1 in the Si-O-Si stretching region are observed as shown in Fig 10. These absorptions

indicate that Sil and SiOSi species predominate on the surface. Following 02 exposure, an

additional infrared feature is observed in Fig. l0b at 777 crn 1. The thermal stability of this 777

cm"1 absorption feature was very similar to the thermal stability of the 775 cm-1 infrared feature

produced after H20 exposure shown in Fig. 5. These results suggest that the absorption at

777 cm"1 in Fig. 10b is an oxygen-induced blue-shift of the Si-H wagging mode at 620 cm"1 (45).

Previous studies on oxidized amorphous silicon have observed absorption features at 780

12



cm"1, 850 cm"1 and 875 cm"1 (46). These infrared features were attributed to modes derived from

a coupling of Si-H and Si-O-Si motions (46). After the exposure of 02 to the hydrogen-covered

porous silicon surface, similar infrared features are observed in Fig. lOb at 777 cm"1 , 820 cm 1

and 857 cm"1. These blue-shifted Si-H wagging mode absorption features are believed to be

correlated with SiH species backbonded to one, two or three oxygen atoms, as discussed below.

Blue-shifted absorption features in the Si-H stretching region between 2100 - 2250 cm"1

produced by silicon oxidation have been observed in amorphous silicon (47-49). An HREELS

study of Si(100) 2 X I has also observed a blue-shift in the Si-H stretching frequency from 2104

cm"1 to 2282 cm"1 versus oxygen coverage. Moreover, infrared spectra of gas-phase-substituted

silane molecules SiHR 1R2R3 have shown that the vibrational frequency blue-shifts in a

systematic way with the electronegativity of substituting groups (50, 51). For example, the Si-H

infrared frequency of (CH3 )2 HSiOSi(CH3 )3, (C2 H5 0)2 HSiCH3 and (CH3 0) 3 SiH are 2097

cm"1, 2165 cmn" and 2203 cm"1, respectively (51).

Blue-shifts of the frequency of the Si-H stretching vibration have also been observed for

other electronegative substituents (50). In addition, microwave spectroscopy experiments on gas-

phase-substituted silane molecules have observed a decrease in the Si-H bond length as a function

of increasing number of substituent fluorine atoms (50, 52, 53). These previous investigations

indicate that electronegative elements withdraw electron density from the silicon atom and

subsequently decrease the Si-H bond length and increase the Si-H vibrational frequency.

In view of these earlier studies, the absorption features at 2176 cm-1 and 2268 cm"1 in Fig.

10a are assigned to SiH species backbonded to two and three oxygen atoms, respectively.

Likewise, the absorption peaks at 2176 cm-1 and 2268 cm"1 in Fig. 9b after H2 0 exposure and

annealing to 640 K are assigned to SiH surface species backbonded to two or three oxygen atoms,

respectively. The shoulder at 2119 cm"1 on the main Si-H absorption feature at 2102 cm"1 in

Fig.9b is assigned to a Si-H surface species backbonded to one oxygen atom.

The proposed SiH surface species backbonded to one, two or three oxygen atoms are

13



consistent with previous XPS and AES observations (27,54-57). These XPS and AES

measurements have revealed a distribution of silicon oxidation states on oxygen-covered silicon

surfaces at submonolayer oxygen coverages (27,54-57). Si(I), Si(II), Si(IIl) and Si(IV) species

have all been monitored where the numeral designates the number of oxygen atoms bound to the

silicon atom (54-56). The distribution of silicon oxidation states favors the lower oxidation

numbers at low oxygen coverages and progressively shifts to higher oxidation numbers at higher

oxygen coverage.

V. Conclusions

The decomposition of H2 0 and D20 on porous silicon surfaces was studied using

transmission Fourier-transform infrared (FTIR) spectroscopy. The FTIR spectra revealed that

H2 0 (020) dissociates upon adsorption at 300 K to form Sill (SiD) and SiOH (SiOD) groups, L.e,

H2 0 -- SiOH + Sill. The decomposition of the surface species formed from H2 0 (D2 0)

adsorption was then monitored using the Si-H (Si-D) stretch at 2100 cm- 1 (1518 cm-1 ), the SiO-H

(SiO-D) stretch at 3680 cm"1 (2713 cm" 1) and the Si-O-Si stretch at 900 cmn1 - 1100 cm"1.

As the silicon surface was progressively annealed to 650 K, the FTIR spectra revealed that

the SiOH species decomposed to silicon oxide species and additional Sill species. At 650 K, the

maximum integrated absorbance for the Si-H (Si-D) stretching vibration was obtained and was

approximately twice the integrated absorbance at 300 K. The changes in the integrated infrared

absorbances versus temperature were consistent with the reaction SiOH -4 Sill + SiOSi. Above

650 K, the surface SiH species decreased concurrently with H2 desorption from the porous silicon

surface.

After annealing above 600 K, new blue-shifted infrared features were observed in the Si-H

stretching vibration region at 2119 cm-l, 2176 cm-l and 2268 cm- . Infrared studies of partially

hydrogen -covered porous silicon surfaces exposed to 02 suggested that these blue-shifted Si-H

stretching vibrations were associated with silicon atoms backbonded to one, two or three oxygen

14



atoms, respectively. Similar blue-shifted absorption features in the Si-H wagging region were

produced by oxygen adsorption and also attributed to Sil species on silicon atoms backbonded to

oxygen atoms.
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Figure Captions

1. Infrared spectrum after a saturation H2 0 exposure on porous silicon surfaces at 300 K.

2. Infrared spectrum after a saturation D2 0 exposure on porous silicon surfaces at 300 K.

3. Infrared absorbance of a) the SiO-H stretching vibration and b) the Si-H stretching vibration

as a function of annealing temperature after a saturation H2 0 exposure at 300 K.

4. Infrared absorbance of the Si-OD bending vibration at 835 cm" 1 and the Si-O-Si stretching

vibration at 900-1100 cm"1 as a function of annealing temperature after a saturation D2 0

exposure at 300 K.

5. Integrated infrared absorbances of the Si-H, Si-OH, SiO-H and Si-O-Si

stretching vibrations at 2090, 775, 3680 and 980 cm"1, respectively, as a function of

annealing temperature after a saturation H2 0 exposure at 300 K.

6. Integrated infrared absorbances of the Si-D, SiO-D, Si-OD and the Si-O-Si stretching

vibrations at 1513 cm- 1, 2707 cm- 1, 835 and 980 cm- 1, respectively, as a function of

annealing temperature after a saturation D2 0 exposure at 300 K.

7. Integrated infrared absorbance of the Si-H stretching vibration at 2090 cm- I as a function

of H2 0 exposure on porous silicon surfaces at temperatures of 300 K and 600 K.

8. Integrated infrared absorbance of the Si-O-Si stretching vibration at 900 - 1100 cm'" as

a function of H20 exposure on porous silicon surfaces at temperatures of 600 K and 800 K.

9. Infrared spectrum in the Si-H stretching region after a) a saturation H2 0

exposure at 300 K and b) subsequent annealing to 640 K. New blue-shifted features are
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observed at 2119 cm-1, 2176 cm"1 and 2268 cm"1.

10. Infrared spectrum after 02 exposure to a partially hydrogen-covered porous silicon surface

at 600 K. a) Si-H stretching region where new blue-shifted features are observed at 2176

cm"1 and 2268 cm"1. b) Si-H bending region where new blue-shifted features are observed

at 777, 820, 857 cm- 1
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